Background-Kidney cancer is not a homogenous entity; it is comprised of many different tumor types, with different biology, molecular mechanisms leading to disease, and therefore different treatment approaches. Conclusion-Understanding of the biology and mechanisms of different forms of kidney cancer provides an opportunity for development of new treatment options.
Introduction
In 2007, about 3.5% of all cancer diagnoses in the USA were renal cancer, with 51,190 new cases and 12,890 deaths attributed to the malignancy(1). Until recently, there have been few chemotherapeutic options for metastatic renal cancer, with most patients dying from disease within a year (median survival about 10 months). Conventional systemic chemotherapy agents have been ineffective, and have not played a role in treatment of advanced renal cancer. Interleukin-2 (IL-2) and interferon have provided the only standard systemic treatment options for these patients, with response rates of 10-20%, and are still the only forms of therapy associated with durable long term complete remissions (2) .
Although the majority of renal malignancies are sporadic and non-familial, about 4% are associated with hereditary cancer syndromes. Hereditary renal cancer syndromes provide a unique opportunity to study the molecular mechanisms and genes leading to several different types of renal malignancies. Insight into the pathways of these diseases has opened the door to development of targeted therapy approaches, not only for familial renal tumors, but for sporadic kidney cancer as well.
There are four main types of inherited epithelial renal cancer currently described: von HippelLindau (VHL), Hereditary Papillary Renal Cancer (HPRC), Birt-Hogg Dubé (BHD), and Hereditary Leiomyomatosis Renal Cell Cancer (HLRCC). VHL is uniformly clear cell renal cancer due to a germline mutation of the tumor suppressor gene VHL. HPRC is uniformly papillary type I due to a germline mutation of the proto-oncogene MET. Patients affected with BHD are at risk of developing chromophobe, hybrid oncocytic tumors, oncocytomas, and clear cell renal cancer, and are found to have a germline mutation of the tumor suppressor BHD gene. HLRCC has unique characteristic histological features, most often described as papillary type 2, due to a germline mutation of gene for the Krebs cycle enzyme fumarate hydratase (FH), which acts as a tumor suppressor. (Figure 1 )(3).
Sporadic Kidney Cancer

Sporadic/Non-Inherited Renal Cancer
The tumor type of the majority of sporadic renal cancer is clear cell renal cell carcinoma (RCC). A mutation in the VHL gene has been found in a very high percentage of sporadic clear cell RCC, but is not found in papillary type 1 or 2, chromophobe, or oncocytomas (4, 5) . VHL inactivation through promoter hypermethylation or mutation has been identified in up to 75% of sporadic clear cell renal cancer (4, 6) . Patients who have sporadic clear cell renal carcinoma with a mutation in the VHL gene have been found to have an improved survival rates over patients with tumors that do not have mutated VHL (7) . Considering the association of alteration of the VHL gene in sporadic clear cell RCC, insight into the molecular pathways leading to von Hippel-Lindau may have direct relevance to the treatment of sporadic RCC.
Hereditary Kidney Cancer Syndromes
3.1 von Hippel-Lindau 3.1.1 von Hippel-Lindau (VHL)-VHL is a hereditary cancer syndrome with a prevalence estimated at 1 in 36,000 (8) . Renal tumors are seen in 24-45% of mutation carriers, and 60% of patients have either renal tumors, cysts, or both (9, 10) . VHL can cause cysts and tumors in multiple organs beyond the kidneys: eye (retinal angiomas), pancreas (cysts and neuroendocrine islet cell tumors), adrenal (pheochromocytomas), epididymis and broad ligament (cystadenomas), inner ear (endolymphatic sac tumors), and central nervous system (brain and spine hemangioblastomas). Renal cysts and solid lesions corresponding to carcinoma are multi-focal, bilateral, early-onset (as early as the second decade), and solid lesions are uniformly clear cell carcinoma (3) . VHL patients are at risk to develop an estimated 1,100 cysts and 600 tumors per kidney, most of which are incipient microscopic lesions (11, 12) . Due to the need for repeat surgical excision of lesions, these patients are often managed with surveillance with close observation of small renal tumors until the largest reaches 3cm. Parenchymal-sparing surgery, minimizing the risk of metastases while preserving renal function as long as possible, is often recommended for tumors 3 cm or larger (13, 14, 15, 16, 17) .
VHL
Gene and Pathway-The VHL gene, on chromosome 3, was identified in 1993 through genetic linkage analysis, almost 100 years after the initial description of the disease (18) . VHL is transmitted in an autosomal dominant fashion, with high penetrance (patients with a germline mutation are likely to develop manifestations of the disease). Gene mutation analysis is able to identify the VHL mutation in nearly 100% of affected families (19) . Numerous types of mutations have been described, including intragenic mutations (frameshift, missense, and nonsense), partial and complete deletions, and splicing mechanism defects. Genotypephenotype correlations have demonstrated that the type and location of VHL mutation is associated with the differing clinical manifestations exhibited among VHL families (20, 21, 22, 23) . For instance, VHL kindreds with a germline partial VHL deletion, large rearrangement, or truncated protein have a significantly higher incidence of renal cancer than kindreds with a complete deletion or missense changes (24, 25) . VHL is subtyped into 4 groups, depending upon risk of associated risk for pheochromocytoma and RCC: Type 1 and Type 2B having a higher risk for RCC than types 2A or 2C (26) .
VHL is a tumor suppressor gene which also plays a role in the regulation of tumor angiogenesis. The VHL protein forms a multiprotein complex with proteins such as Cul2 and elongin c and b (27, 28, 29) . The complex then targets the α subunits of the hypoxiainducible factors (HIF) HIF-1α and HIF2α for ubiquitin-mediated degradation, which is an oxygen-mediated process (30, 31) . Normoxia triggers oxygen to hydroxylate HIF through the catalyst HIF propyl hydroxylase (HPH), which permits the VHL complex to recognize, target, and subsequently lead to degradation of HIF. Conversely, hypoxia is associated with a build-up of HIF, since unhydroxylated HIF avoids detection by VHL and averts proteosomal decomposition. Inactivating mutations of both copies of VHL produce a similar effect as hypoxia, by inhibiting binding of the VHL complex and preventing HIF degradation, thus allowing HIF to overaccumulate (32, 33) . HIF subsequently acts as a transcription factor regulating genes for angiogenesis, metabolic changes, and unopposed growth stimuli, such as vascular endothelial growth factor (VEGF), transforming growth factor α (TGFα) (a ligand for the epidermal growth factor receptor [EGFR]), platelet derived growth factor (PDGF), erythropoietin (EPO), and glucose transporter-1 (GLUT-1) (34, 35) . (Figure 2 ) (36) . Thus it is postulated that inactivation of VHL and overexpression of HIF can lead to tumorigenesis through dysregulation of these pathways.
3.1.3
Target for Therapeutics-Constitutive overexpression of downstream endproducts of HIF, such as VEGF, PDGF, and TGFα provide a feasible strategy in blocking the VHL pathway in renal tumors. Receptor tyrosine kinase inhibitors which target some of these pathways, such as sunitinib and sorafenib (both of whose spectrum covers some receptors for both VEGF and PDGF), have already been FDA approved as therapy for advanced sporadic clear cell renal cancer. Similarly, use of a pure VEGF antagonist alone has been evaluated in clear cell renal cancer. Yang et al. found in a randomized double-blind, placebo-controlled phase 2 trial in patients with advanced clear cell RCC that progression-free survival improved from treatment with bevacizumab, an anti-VEGF antibody (37) . Other single agents and combinations of agents which block multiple downstream targets of the HIF pathway are under investigation. It is logical that this approach of targeted therapy used for sporadic clear cell RCC would also be efficacious for VHL clear cell renal tumors, for it could potentially overcome the effects from loss of VHL function. Clinical trials specifically in VHL patients with renal tumors using agents targeting VEGF and other HIF downstream products are currently underway. (38) . Although HPRC is a highly penetrant, rare autosomal dominant syndrome, the papillary type 1 renal carcinomas are usually of late onset (fifth or sixth decade), but they can occur as early as the third decade (39, 40, 41, 42) . These patients are at risk of developing up to an estimated 3,000 tumors per kidney, and pathology usually demonstrates multiple incipient lesions alongside larger lesions (43) .
Unlike the other familial renal cancer syndromes described, the kidney is the only organ known to be involved in HPRC. Lesions are usually well-differentiated, however, the tumors do have metastatic potential. Detection of lesions can be difficult, since they often are undetectable by ultrasonography, are can be small, with poor enhancement on IV contrast CT. However, CT is the preferred screening tool since it has greater sensitivity for detecting these small hypovascular lesions (44) . Due to the multi-focal bilateral nature of these lesions, HPRC patients are often managed by surveillance and close observation with nephron-sparing surgery when the largest tumor reaches 3 cm (43, 13, 14, 15, 17, 16 ).
MET Gene and
Pathway-Genetic linkage analysis in 1997 led to the identification of the proto-oncogene MET (Mesenchymal Epithelial Transition factor), which is located on the long arm of chromosome 7, as the gene responsible for HPRC (45, 46, 38) . Activating gainof-function mutations of MET are present in both the germline of HPRC patients, and can also be mutated in a small subset of sporadic papillary type 1 renal carcinoma tumors (47, 46) . Additionally, trisomy of chromosome 7, which contains the genes for both MET and its ligand, hepatocyte growth factor (HGF), has been found to occur in 75% of sporadic papillary renal carcinomas (48) . Trisomy 7 has also been found in HPRC-associated kidney cancers with a non-random duplication of the mutant MET allele. (49) MET encodes for a tyrosine kinase membrane receptor. The ligand HGF activates the tyrosine kinase domain of the MET receptor, which initiates signaling cascades leading to multiple biologic events, such as proliferation, survival, motility, and morphogenesis of many different cell types (50) . Activating gain-of-function mutations in the tyrosine kinase domain of the MET gene are believed to be responsible for tumorigenesis. The constitutively active tyrosine kinase allows for unregulated proliferation, transformation, and invasive potential (45, 51) . Hypoxia, through HIF-1, has also been shown to result in upregulation of both MET and VEGF, thus activating mutations of MET can indirectly promote angiogenesis and tumor growth through overexpression of VEGF(52,53).
3.2.3
Target for Therapeutics-Considering that MET and HGF are important genes in papillary type 1 renal cancer, both in HPRC and in sporadic cases, they also provide a potential pathway for novel therapeutic agents to target. Inhibition of MET tyrosine kinase activity, antagonism of the HGF-MET ligand/receptor interaction, and blockade of receptor/effector and downstream intracellular signaling effects are all potential therapeutic targets (54) . Interest from the biotechnology industry has intensified in the past several years with development of multiple agents targeting these mechanisms. There are more than a half-dozen protein kinase inhibitors that block MET induced pathways currently in development. GSK1363089 (formerly XL880), an oral small molecule inhibitor of multiple receptor tyrosine kinases, primarily targeting MET and VEGF, is one such agent that holds promise. In a Phase I clinical trial with GSK1363089, 3 of the 5 partial responses (n=55) were in patients with papillary renal cancer, with duration of response being 5, 10+ and 23+ months (55) . There are also several agents which are truncated variants of c-MET that act as decoys. Another approach is to use anti-HGF monoclonal antibodies to block the binding of HGF to its receptor MET. There are several in development, one of which is the monoclonal antibody against human HGF, AMG102. Both AMG102 and GSK1363089 are currently in Phase II clinical trials in renal cancer. (60) .It is now clear that BHD syndrome confers a susceptibility in affected patients to renal tumors of varying histologic subtypes, characteristic benign tumors of the hair follicle (fibrofolliculomas), and lung pulmonary cysts, which can manifest as spontaneous pneumothoraces (57, 60) . Fibrofolliculomas are highly penetrant (about 85% of patients develop skin lesions), develop after puberty (usually after the age of 25), and most often have a distribution on the face, neck, and anterior trunk. Although they can be a cosmetic concern to some patients, they are not malignant. Pulmonary cysts are a common manifestation of BHD, developing in over 80% of BHD affected patients, with nearly 25% having a history of pneumothorax (60, 61) . (Figure 3)  (59,3) .
Renal tumors occur in 25-35% of BHD patients (60, 59, 62) . Subsequent genotype/phenotype analysis by Schmidt et al. suggests that germline deletion of cytosine at exon 11 in the BHD gene may correlate with fewer renal tumors in BHD patients than those patients with insertion of cytosine at the same hotspot mutation (63) . Renal lesions can be solitary or bilateral and multifocal, and can have variable histology within the same patient or even within the same kidney. Histology is most often characteristic oncocytic-hybrid (multifocal hybrid chromophobe-oncocytoma renal carcinoma) (50%), followed by chromophobe renal cancer (33%), clear cell renal cancer (9%), and benign oncocytomas (4%) (62) . Due to the potential for repeated surgical procedures of multifocal and recurrent renal lesions, surveillance and close observation with nephron-sparing surgery when the largest tumor reaches 3cm is often recommended (16, 17, 64) .
BHD
Gene-The mutation most frequently found in the germline of BHD patients has been a truncating mutation of the BHD gene (also known as the FLCN gene) (63) . The BHD gene, which has the characteristics of a tumor suppressor, was localized to the short arm of chromosome 17 (17p11.2) and encodes for a novel protein, folliculin (65, 66, 67) . Although folliculin has no characteristic domains suggestive of function, coimmunoprecipitation studies by Baba et al. recently identified an interacting/binding protein, folliculin-interacting protein 1 (FNIP1) (68) . Baba et al. found that FNIP1 facilitates the phosphorylation of folliculin. FNIP1 was also found to interact with 5' AMP-activated protein kinase (AMPK), an important protein in energy sensing and a negative regulator of mTOR. Blockade of AMPK or mTOR was found to inhibit folliculin phosphorylation facilitated by FNIP1. This suggested that folliculin may be a downstream effector of the AMPK and mTOR signaling pathways(68).
Target for Therapeutics-
The presumed downstream effects on folliculin by mTOR suggest a therapeutic option for BHD patients with the use of agents such as mTOR inhibitors. Although potential advances in treatment for BHD patients are possible through this mechanism of mTOR inhibition, this has yet to be examined in clinical trials.
Hereditary Leiomyomatosis Renal Cell Cancer
Hereditary Leiomyomatosis Renal
Cell Cancer (HLRCC)-As with BHD, discovery of a predisposition to renal cancer in HLRCC came later than the original description of the syndrome. Reed Syndrome, or Multiple Cutaneous and Uterine Leiomyomatosis (MCUL) Syndrome, was described 30 years prior to the association to renal cancer, first noted in 2001 by Launonen et al. (69, 70) . Renal cancer has low penetrance in HLRCC syndrome, with an estimated incidence from 2%-6% to 15%, and possibly as high as 32% of germline mutation affected families, depending upon selection bias and imaging utilized (69, 71, 72, 73) .
Individuals affected with HLRCC are at risk for renal carcinoma as well as cutaneous and uterine leiomyomas (69) . Female HLRCC patients frequently report a history of having had large and multiple uterine fibroids at a young age, often requiring hysterectomy in their 20's or early 30's. Although the penetrance of uterine leiomyomas is very high (Toro et al. found >98 % of female HLRCC patients with cutaneous leiomyomas also had uterine fibroids), it is felt that the risk of uterine leiomyosarcoma is very low (69, 72, 71, 73) . Multiple cutaneous leiomyomas most often occur on the trunk or extremities, and are typically grouped, disseminated, or disseminated and segmental (73) . (Figure 4)(72,3) . These cutaneous lesions usually begin to appear in the third decade, and can be painful. Wei et al. found that 81% of HLRCC patients had cutaneous lesions, and of those that had cutaneous leiomyomas, 90% had sensitivity to light touch of the lesions(73).
HLRCC renal lesions appear to have a different biology than other renal tumor types. Unlike other hereditary renal carcinoma syndromes, HLRCC renal cancer usually presents as a solitary lesion, can be highly aggressive and can metastasize early, often initially to regional and distant lymph nodes. HLRCC renal malignancies may have an early onset, with the youngest published metastatic patient reported at age 16, although there may be cases of even earlier onset (71) . These patients also develop renal cysts. Lehtonen et al. found 42% of mutation positive patients had renal cysts on radiologic review (74) . Further studies will be needed to detect the potential of these cysts to develop into renal tumors. Since papillary renal tumors can be isoechoic on ultrasound and can be missed, CT and MRI are the recommended imaging modalities (44) . Considering the aggressive nature of these tumors, these patients should receive regular surveillance with early surgical intervention of solid lesions instead of observation.
Histopathologic diagnosis of HLRCC renal tumors has become more precise, with a distinctive architectural pattern described. The histopathology of HLRCC tumors has a characteristic morphology, demonstrating hallmark large orangiophilic nuclei and a clear perinuclear halo, with a variety of patterns such as cystic, tubulo-papillary, tubulo-solid, and are often mixed (69, 75, 76) .
FH
Gene and Pathway-Patients with HLRCC have a germline mutation localized to the long arm of chromosome 1 (1q42.3-q43) (69, 77, 78) . The gene responsible for HLRCC was identified through linkage analysis, and found to encode for fumarate hydratase (FH), a Krebs cycle enzyme (72, 79, 80) . Complete germline inactivation of FH through homozygous or compound heterozygous mutations produce an inborn error of metabolism, leading to an autosomal recessive disease, Fumarate Hydratase Deficiency, consisting of encephalopathy, neurologic impairment, and death within the first decade (81) . The FH gene appears to act as a tumor suppressor gene, following Knudson's "two hit" model of carcinogenesis (82, 78) . Functional inactivation of the remaining second copy has been found in most HLRCC papillary type-2 renal tumors, cutaneous leiomyomas, and uterine leiomyomas (78, 80, 79) . Correspondingly, tumors in HLRCC patients have been found to have extremely low or absent FH activity (80) . Germline mutations are generally due to missense, frameshift, nonsense, or splice site mutations, and are distributed throughout the gene (73) . Sequencing has detected a germline mutation detection rate of 93% (73) . However, no definitive genotype-phenotype association of location/type of mutation and risk of renal cancer has been noted to date in HLRCC (73) . There is currently no conclusive evidence that somatic mutations of FH play a significant role in sporadic kidney cancer tumorigenesis (83, 84) .
FH is an essential enzyme catalyzing the conversion of fumarate to malate in the mitochondrial tricarboxylic acid (TCA) cycle leading to the oxidation of pyruvate for the production of cellular energy. Loss of FH shunts the cycle to overaccumulate intracellular fumarate, leading to a state of pseudohypoxia through overexpression of HIF. Overexpression of HIF and upregulation of HIF-regulated genes is postulated to be the mechanism by which a mutation in FH leads to renal malignancy (85, 86, 87) . Isaacs et al. found that inhibition of FH and excess intracellular fumarate competitively inhibit HIF propyl hydroxylase (HPH) function, which alters hydroxylation of HIF and subsequent recognition of HIF by the VHL complex, thus preventing VHL-dependent proteosomal degradation of HIFs (85) . Similarly, Pollard et al. demonstrated strong HIF-1 expression in HLRCC renal tumors (87) . The resulting accumulation of HIF was also shown to increase the HIF-regulated transcripts of downstream target genes VEGF and Glut-1 in HLRCC tumors (85, 86) . (Figure 5 ).
Target for Therapeutics-
The hypothesized mechanism of FH mutations leading to tumorigenesis through pseudohypoxia and angiogenic pathways suggests an approach to treating HLRCC renal cancer targeting HIF-regulated factors, such as VEGF. As in VHL, there are several currently available therapeutic options facilitating this tactic. One such agent is the anti-VEGF monoclonal antibody bevacizumab. Similarly, other agents such as sorafenib and sunitinib, a combination of agents, or multi-targeted agents currently under investigation against different downstream products of the HIF pathway may also be potential therapeutic options. However, to date, there are no clinical trials supporting this approach.
Familial Renal Cancer of Undetermined Genetic Significance
Diagnostic DNA testing is available for the four types of inherited renal cancer, and presence of a germline mutation helps to determine whether the patient and their family members may be at risk for developing renal carcinoma. However, there are limitations to the sensitivity of the mutation analysis assays, especially when the mutation is due to a partial or complete deletion. There are also families with presumed familial renal cancer (FRC) who are apparently not affected with one of the four characterized syndromes described above. The known hereditary kidney cancer syndromes VHL, BHD, HPRC and HLRCC are each characterized by an autosomal dominant inheritance pattern, and each appears to have a high penetrance where affected individuals are likely to develop a clinical manifestation of the disease; however, there is a possibility that seemingly sporadic cases may also have an inherited basis from other not-yet identified FRC syndromes with low penetrance. Gudbjartsson et al. studied records of kidney cancer patients in Iceland spanning 44 years, and found that 58% of patients had a relative (as distant as second cousin in some cases) who also had kidney cancer, suggesting the existence of a low penetrance kidney cancer susceptibility gene (88) . Future study of these families and genetic linkage analysis will hopefully elucidate the genetic basis of these forms of familial renal cancer.
CONCLUSION
Kidney cancer is not a single disease; it is comprised of multiple different histopathologies, genetic alterations, molecular pathways, clinical manifestations, and treatment options. Studies of inherited renal cancer have led to a better understanding of the mechanisms underlying sporadic kidney cancer, and holds promise for better therapies for treatment of all types of renal cancer. Insights into the molecular pathways underlying carcinogenesis in familial kidney cancer syndromes provide rationales for new molecular therapeutic approaches.
EXPERT OPINION
The lack of promising treatment options for the majority of RCC patients has led to intensive study into the mechanisms and genes underlying the array of kidney cancer types, as well as development of novel agents to target them. Therapies able to affect specific aberrant cellular pathways, while potentially causing minimal damage to normal cells, has been the focus of research over the past two decades in multiple cancer types, including renal cancer.
One approach to targeted therapy in RCC has been to focus on effectors of the HIF pathway. (Figure 6 ). HIF is implicated in the molecular pathways leading to tumorigenesis in most sporadic clear cell RCC, as well as directly and possibly indirectly in all four hereditary kidney cancer syndromes. Thus targeting the HIF pathway and its downstream products makes this appear to be a promising approach for many different kidney cancer tumor types.
Although there have been advancements in treatment of RCC with single agents such as bevacizumab, sorafenib, sunitinib, and newly approved temsirolimus, these agents have only shown to have only modest, if any, improvement in overall survival in advanced RCC. Currently underway are also randomized placebo-controlled trials using sorafenib or sunitinib in the adjuvant setting, since prior studies with adjuvant cytokine therapy have not demonstrated benefit. Multifaceted treatment by inhibiting parallel pathways (horizontal blockade) or maximally inhibiting a single pathway at different levels (vertical blockade), thus overcoming potential redundancy of growth-factor signaling cascades and escape to alternate angiogenic pathways, may lead to additional benefit in the future, as more insight into the mechanisms underlying the different types of RCC is gained. However, although there is excellent rationale and preclinical data for using combinations of agents or broad-spectrum agents targeting multiple different pathways, no combination regimen has yet produced mature data to prove safety and increased efficacy in randomized trials.
Clinical research trials in RCC with a horizontal blockade approach, using agents or combinations which target some, but not all, downstream products of HIF, have to date not shown benefit over blocking one endproduct alone, such as VEGF. A randomized phase 2 comparison by Bukowski et al. in clear cell RCC of the anti-VEGF antibody bevacizumab with or without the EGFR tyrosine kinase inhibitor erlotinib found progression free survival rates, response rates, and overall survival unchanged with the addition of erlotinib compared to bevacizumab alone, and greater toxicity with the combination(89). The rationale was that both VEGF and TGF-α (an activating ligand for EGFR) are downstream effectors of HIF, and this combination can affect several endproducts resulting from loss of VHL. However, it did not appear that addition of an EGFR inhibitor to a VEGF inhibitor, at least in this combination, was of significant benefit. Agents such as sunitinib and sorafenib, which block both VEGF and PDGF, have not yet been compared directly in a randomized trial in RCC to bevacizumab, which blocks VEGF alone.
Currently being studied are several combinations of targeted agents using a more vertical blockade approach, often combining a VEGF ± PDGF inhibitor with an mTOR inhibitor. One such study is a phase I/II trial by Merchan et al. investigating the combination of bevacizumab plus temsirolimus. Full doses of both agents could be given with acceptable toxicity, and initial phase I data is encouraging: 8 patients with partial responses and 3 patients with stable disease of 12 evaluable patients, with median number of 6 months treated (90) . Nevertheless, these are very small cohorts and there are currently no randomized cohorts validating this approach.
Although drug development of MET inhibitors lags behind inhibitors of VEGF, PDGF, EGFR, and mTOR, horizontal blockade could hypothetically be enhanced through the addition of a MET inhibitor to other agents as well, especially in patients with papillary type 1 renal cancer. Regardless of approach, the future of treatment of all forms of RCC, both hereditary and sporadic, is encouraging. Further research into the pathways underlying the different forms of RCC and hereditary renal cancer syndromes will help direct the use of new agents and combinations that may prove to be of greater benefit than currently available options for RCC. Normoxia: In the presence of oxygen (as a substrate), HIF is hydroxylated by HPH, which allows the VHL complex to recognize and target it for ubiquitin-mediated degradation in the proteosome. HLRCC: Loss of FH shunts the TCA cycle to produce excess fumarate. Fumarate stabilizes HIF through competitive inhibition of HPH, allowing HIF to remain unhydroxylated and thus avoiding degredation. Elevated HIF drives transcription products involved with angiogenesis (VEGF), glucose transport (GLUT-1), and growth stimulation (TGF-α, PDGF).
